Background: High-intensity rainfall struck the Northern Kyushu area of Japan between 11 and 14 July 2012. This heavy rainfall triggered many shallow landslides, especially on the northeastern rim of Aso caldera, leading to significant loss of life and damage to many villages. One landslide site at Ichinomiya (Kumamoto Prefecture) was selected for detailed study. Field and laboratory investigations were conducted to identify the initiation mechanism of the shallow landslides during heavy rainfall. Results: The thickness of the soil layer was determined using portable dynamic cone penetration tests. The soils became thinner (about 1 m) from the upper to the lower slope. In-situ infiltration tests indicate that hydraulic conductivity of this thin soil layer is low. During heavy rainfall events, most rainfall will transform into surface runoff instead of infiltration. The results of consolidated-undrained triaxial compression tests show that the effective friction angle and cohesion of the soil are 36.9°and 6.3 kPa, respectively. Soil behavior in response to increase in pore-water pressure was evaluated using a pore-water pressure controlled triaxial test.
Background
The Northern Kyushu area of Japan experienced high-intensity rainfall from 11 to 14 July, 2012. This heavy rainfall triggered many shallow landslides, especially on the northeastern rim of Aso caldera (Fig. 1) . These shallow landslides, as the resource for debris flows, occurred on the upper slopes, at the inner rim of caldera. Trees growing along the gullies on the middle slopes were carried away by the debris flows. Many sabo dams (i.e. check dams) in the path of the debris flows were destroyed. The debris flows affected many villages and local settlers. The debris flows claimed 30 lives, with another two people remaining unaccounted for, and 13,263 houses were completely or partially damaged (Fire and Disaster Management Agency, Japan 2012) . Transport routes and large areas of farmland were also affected. The total property loss was estimated to be about 2 billion USD (JSCE 2013) .
Shallow landslides often occur in weathered debris or loose soil materials on steep slopes during heavy rainfall (Maharaj 1993; Zhu and Anderson 1998; Dai et al. 1999 Dai et al. , 2004 Dai and Lee 2002; Capra et al. 2003; Yu et al. 2006 , Dahal et al. 2009 Giannecchini et al. 2012; Yang et al. 2015; Wang et al. 2015) . Annual rainfall in Kyushu is quite high, due to stagnation of wet fronts in the area during the rainy season, from May to July. Normally, few landslides occur during limited rainfall. However, during heavy rainfall events, shallow landslides and debris flows are commonly triggered around the rim of Aso caldera (Miyabuchi et al. 2004 (Miyabuchi et al. , 2007 Miyase 2012; Matsushi et al. 2013) . It is obvious that heavy rainfall is the main triggering factor of these geo-disasters. Several studies have been carried out to examine the factors contributing to the occurrence of shallow landslides in Kyushu. Paudel et al. (2003 Paudel et al. ( , 2008 and Miyabuchi et al. (2011) reported that the soils on the slopes consisted of different layers, and the slip surfaces of most landslides formed between upper blackish and lower brownish tephra layers. Paudel et al. (2007) evaluated the spatio-temporal patterns of historical shallow landslides in Aso caldera, based on statistical analysis of shallow landslides that occurred between 1953 and 1998. Kasama et al. (2011) recently tried to clarify the factors which led to these geodisasters, based on geo-mechanical and hydro-mechanical evaluation.
One landslide site on Aso caldera was selected for this study to examine the initiation mechanism of the shallow landslides during heavy rainfall. The main objectives of our field investigations were observation of the geological conditions, measurement of the longitudinal profile, and collection of soil samples for laboratory analysis. Laboratory experiments were conducted to determine the physical and mechanical properties of the soils, and soil behavior in response to increase in porewater pressure. Based on the results of our field and laboratory investigations, we propose a probable initiation mechanism for the rainfall-induced shallow landslides on the northeastern rim of Aso caldera.
Study site

Geological condition
The study site is located at Ichinomiya (Kumamoto Perfecture) in the northeast of Aso caldera (Fig. 2) . Aso caldera extends some 17 km from east to west, and 25 km from north to south, with an area of about 350 km 2 . The central crater group is referred to as Mt. Aso, and incorporates five peaks (Mt. Taka, Mt. Naka, Mt. Eboshi, Mt. Kishima and Mt. Neko). The caldera was created by four major eruptive events, known as Aso-1, Aso-2, Aso-3 and Aso-4 (Table 1) . Huge volumes of basaltic to rhyolitic lavas and pyroclastic fall and flow deposits are distributed around the rim of the caldera (Hunter 1998) . The Aso-4 eruption, the latest and largest eruption, produced multiple pyroclastic flows. The pyroclastic flows flowed into valleys and formed pyroclastic-flow plateaus. Eruptions between each of the four major pyroclastic flow units produced numerous tephra ashfall layers (Miyabuchi 2011) . At the study site, the geological units present include pyroclastic flow and ash fall deposits derived from the Aso-1, Aso-2, Aso-3 and Aso-4 eruptions. Gravels, sands and muds were deposited at the toe of the slope. Extensive air-fall volcanic ash covered the top of the slope at the outside rim of Aso caldera (Fig. 3) .
The cross section of Aso caldera shows that the central cones divide the caldera into the Asodani and Nangodani valleys (Figs. 2 and 4) . The mountain chain and plains surround the outer rim of the caldera, and extend to the outer side into a gentle terrain overlain by pyroclastic deposits. Most of the rainfall-induced shallow landslides generated in July 2012 occurred on the inner slope of the northern caldera wall. The study site is located on the slope of the caldera wall at an elevation of about 700 m a.s.l., and has a slope angle of more than 30° (Fig. 4) .
Heavy rainfall
Due to stagnation of the wet front during the rainy season, torrential rain fell on the northern Kyushu area (Fukuoka, Kumamoto, Oita and Saga Prefectures) from 11 to 14 July, 2012 (Fig. 5 ). This event was officially named the 'Northern Kyushu Heavy Rainfall in July 2012' by the Japan Meteorological Agency (JMA). Based on hourly rainfall data collected from all meteorological observatories in Northern Kyushu over the last decade, the maximum hourly rainfall recorded at seven observatories in July 2012 was the highest local rainfall ever recorded in the area. Among these observatories, cumulative rainfall recorded over the four-day period exceeded 500 mm at five sites, with totals ranging from 570.5 to 816.5 mm ( Table 2) .
Most of the shallow landslides occurred on 11 and 12 July, 2012. In order to understand the rainfall characteristics at study site, hourly and cumulative rainfall data for these days was obtained from the rainfall record at the Otohime Meteorological Observatory. The Otohime Meteorological Observatory is located about 10 km west of the study site (Fig. 2) , and is the nearest available record. The rainfall data shows that the maximum hourly rainfall was 108 mm in the early morning of 12 July, and the cumulative rainfall over the two days was 508 mm (Fig. 6 ). This rainfall is the highest recorded at the Otohime Meteorological Observatory over the last decade. Obviously, heavy rainfall was the main triggering factor for this geo-disaster.
Methods
Field investigation
A representative shallow landslide at Shioi Village in Ichinomiya, Kumamoto Prefecture ( Fig. 2 ) was selected to study the initiation mechanism of shallow landslides on the steep slopes during heavy rainfall. Figure 7 shows the slope after failure. Several shallow landslides occurred in grassland at the rim of Aso caldera (Fig. 8 ). These shallow landslides were the source of debris flows in the gully. Field investigations were conducted on the Table 1 Characteristics of the four major eruptive events (Aso-1, Aso-2, Aso-3 and Aso-4) (Aramaki 1984; Hunter 1998) shallow landslide shown in Fig. 8b . Longitudinal profiles were measured to illustrate the terrain of the gully and slope. Soil samples were collected from the main scarp of the shallow landslide for laboratory investigations. Three portable dynamic cone penetration tests were conducted to determine the thickness of the soil layer. In order to measure the hydraulic coefficient of the soil, in-situ infiltration tests were conducted in hand-drilled boreholes of varying depth, above the top of the main scarp of the shallow landslide.
Portable dynamic cone penetration tests
The test locations are shown in Fig. 8b . During the dynamic cone penetration tests, a 5 kg hammer was dropped (free fall) from a height of 50 cm. The number of drops (N d ) was recorded for each 10 cm penetration depth of the cone tip (Qureshi et al. 2009 ). The thickness of the soil layer and its boundaries could thus be determined, due to the differing strength of the potential sliding bed.
In-situ borehole infiltration tests
The test locations were located above the main scarp of the shallow landslide, near point A in Fig. 8b . A portable twist drill was used to drill a 0.25 m deep borehole. A PVC tube was then inserted into the borehole until the bottom was reached. The tube was then filled with water, and the initial water level and start time of water infiltration were noted. The final depth of the water level was measured after a given time interval. A second borehole with a depth of 0.75 m was drilled near the first borehole ( Fig. 9 ) to determine the variation of soil permeability with increased depth. The same test process was used for the second borehole. Tests were carried out twice in each borehole to obtain an average value. The hydraulic coefficient (k) was calculated using Eq. 1 (Lambe and Whitman 1969) ;
where h 1 and h 2 are the two consecutive depths of water in meters; h 1 is the initial depth and h 2 is the final depth; D is the diameter of pipe, D = 0.1 m; and Δt expresses the time interval (in seconds) between the two successive measurements. 
Laboratory investigation Physical property tests
These tests were conducted to determine the physical properties of the soil samples from the shallow landslide. The physical properties determined were the grain size distribution, specific gravity, water content, void ratio, degree of saturation, and unit weight. All tests were performed according to the standards of the Japanese Geotechnical Society (JGS 2010). These parameters are necessary for soil classification and specimen preparation for triaxial tests.
Consolidated-undrained triaxial compression tests
Consolidated-undrained triaxial compression tests were conducted to determine the effective soil strength. According to the in-situ soil dry density, a given mass of dry soil passing 2 mm sieving was used to make a cylindrical specimen. In order to get a homogeneous specimen, the dry soil sample was divided into three parts to fill the cylindrical specimen tube with rubber member. After filled the all soil into the specimen tube, the cylindrical surface of each sample was covered by a rubber membrane which is sealed by rubber O-rings on the top and base of the load system. The specimens were then fully saturated. Carbon dioxide (CO 2 ) is slowly supplied from the base of the tube to gradually replace the air within the specimen. De-aired water is then supplied to replace and absorb the CO 2 and achieve a saturated state. The specimens were confirmed to be fully saturated when the Skempton's B value, which is called the pore-water pressure coefficient (Skempton 1954) , was equal or greater than 0.95 (Head 1998) . With the fully saturated specimens, three consolidated-undrained triaxial compression tests were then conducted under three differing confining stresses (50, 75 and 100 kPa). After normal consolidation, the specimens were compressed at an axial strain of 1.0 % per minute under the undrained condition. Vertical load, pore-water pressure and vertical displacement data was recorded by a data logging system. The shear strength parameters can be obtained from these tests.
Pore-water pressure controlled triaxial test
A pore-water pressure controlled triaxial test was performed to examine behaviour of the soil with increasing pore-water pressure. The process of specimen preparation and saturation was the same as that for the consolidatedundrained triaxial compression tests. In contrast to the isotropic consolidated-undraind triaxial compression test, Fig. 8 Shallow landslides in the grassland (locations of (a) and (b) are shown in Fig. 7 ; Points A, B and C in (b) show the locations of portable dynamic cone penetration tests) Fig. 9 In-situ infiltration tests the specimen was consolidated under nonisotropic confining stress. The axial and lateral confining stresses can be obtained according to the vertical and lateral earth pressure. Through this step, the initial stress condition of the soil at the potential sliding zone is simulated. After consolidation, de-aired water is supplied to the specimen by a pore-water pressure controller, to increase the pore-water pressure. The rate of increase in pore-water pressure was 0.2 kPa per minute. Through this step, the effect of porewater pressure accumulation on the potential sliding surface is simulated, and the failure process can be observed.
Results and discussion
Characteristics of slope and debris flow
The slopes at the rims of caldera are usually formed by the subsidence of land following volcanic eruptions. Steep gradients are a typical feature of these slopes. According to GIS analysis of the distribution of shallow landslides formed in Ichinomiya during the July 2012 heavy rainfall event, landslide frequency is greatest at slope angles between 30 and 40°(Geographical Survey and Photography, Japan 2012). As shown in the longitudinal profiles of the investigated area, the angle of the slope on which shallow landslide occurred is 38°(I-I' in Fig. 10) . A steep slope (II-II' in Fig. 10 ) is also present behind the sabo dams. The steep terrain will affect both the slope stability and hydrological conditions, such as surface runoff on the slope and seepage in the soil layer. In addition, the steep slope enhances the rapid down-slope movement of debris. Erosion from the debris flows removed the thin soil layer in the gully, leaving bedrock exposed (Fig. 11) . The speed of the debris flows increased rapidly as they traveled down the steep slope. The debris flows contained blocks of rock, and destroyed two sabo dams (Fig. 12 ) and several houses. Finally, debris was deposited on the flat land and paddy fields at the base of the slope. Fig. 10 Longitudinal profiles of the gully and slope
Fig. 11 Exposed bedrock in gullies
The results of the portable dynamic cone penetration tests show that the soil layer is about 3.5 m thick at the upper slope (Fig. 13) . The soil layers gradually become thinner (about 1 m) from the upper to the lower slope. In general, soils in the lower parts of hillsides are thicker than in their upper part, due to soil erosion in the upper parts, and deposition in the lower parts. Consequently, the characteristics of the slope at the rim of Aso caldera differ from the general condition. This may be because that erosion on the lower slope is more severe than on the upper slope due to surface run-off during heavy rainfall. Moreover, the slope is quite steep (about 38°). Soil eroded from the upper slope will not be deposited in the lower part. Instead, fine soil particles will be deposited in the gully, and this material will transform into debris flows during heavy rainfall.
Physical properties of soils
The soil in the main scarp of the shallow landslide can be divided into two layers based on the appearance features (Fig. 14) . Layer 1, the black uppermost layer, is composed of volcanic ash, humus and plant roots. Coarse sand and gravels occur in the underlying layer 2. Particle size gradually increases downward, reaching maximum particle diameter of about 20 mm. The sliding zone of the shallow landslide is located at the base of layer 2, which is underlain by a basal gravel layer. Sliding surfaces were observed on the surface of the basal gravel layer. Grain size analysis (sieve and hydrometer analysis) of soil samples from each layer was conducted to determine their grain size distribution (Fig. 15) . Fine particles (grain size less than 0.075 mm) form around 45 % of the soils in layers 1 and 2. After the occurrence of shallow landslides, on steep slopes these fine materials can easily transform into debris flows during heavy rainfall. According to the Unified Soil Classification System (USCS), layer 1 is composed of poorly graded tephra clay. Layer 2 is composed of clay with coarse sand gravels. The soil properties of the different layers are shown in Table 3 , which summarizes specific gravity, natural water content, void ratio, degree of saturation, total and saturated unit weight. Although, there had been no rainfall for several days before sampling, soil layer 1 maintained a high water content and degree of saturation. This indicates that soil layer 1 has high water retention capability. The unit weight of the topsoil increased about 20 % from natural to saturated condition. These phenomena are related to the properties of soil, such as higher void ratio. High void ratio (5.452) means that soil layer 1 has a loose structure. Internal erosion could easily occur in such a loose soil layer, with high pore-water pressure or seepage.
Rainfall infiltration
As noted above, heavy rainfall is the main triggering factor for the shallow landslide occurrences at the study site. The results of in-situ infiltration tests are shown in Table 4 . Hydraulic conductivity (k) is 1.28 × 10 −6 m/s at the shallow depth of 0.25 m, compared to 1.90 × 10 −7 m/s at 0.75 m depth. The soil at the bottom of the handdrilled boreholes should be compressed and disturbed, and hence the actual hydraulic conductivity should be higher than the experimental value. Nevertheless, these results show that permeability decreases with increase in depth. Paudel et al. (2008) measured the hydraulic conductivity of soils on slope surfaces at ten sites in Aso caldera. They also found that the hydraulic conductivity of soil layer was low, ranging from 1.0 × 10 −6 m/s to 5.0 × 10 −6 m/s. With the low hydraulic conductivity of the soil layer, during heavy rainfall events most rainfall will transform into surface runoff.
Shear strength of soil
The stress-strain relationship of the consolidatedundrained tests on the saturated specimens (Fig. 16a) shows that the deviatoric stress increases with the axial strain. The stress-strain curves provide evidence for stress hardening. When the shear strain is over about 13 %, the deviatoric stress begins to flatten. For the specimen with high confining pressure (100 kPa), stress softening was observed at the end of the test. Critical state was reached for all three tests with a high axial strain (Fig. 16a) .
The relationship between excess pore-water pressure and the axial strain of consolidated-undrained tests on the saturated specimens is shown in Fig. 16b . Positive pore-water pressure was recorded in all three undrained tests. In all soil specimens, pore-water pressure increased to a peak at low strain (about 3 %), declines from its maximum value as the strain increases continuously, and finally reached a minimum value at the end of the tests. The initial buildup of the pore-water pressure suggests that the specimens exhibit contractive behavior. The reduction in the pore-water pressure after the peak indicates that the specimens change from contractive to dilative behavior during shear, as illustrated by the effective stress paths shown in Fig. 17 .
All the effective stress paths show a similar trend. Each path moves toward the right initially (increasing σ À Á =2) until reaching a turning point, after which they turn right, before reaching the critical state line (CSL) at the end of the test. The critical states of saturated specimens can be represented by the CSL in the stress plane. The gradient of the critical state line is 0.6, which corresponds to a critical state line of effective friction of 36.9°and cohesion of 6.3 kPa. In published results of soil shear strength, it was observed that the effective friction angle was about 35°, and cohesion varied between different soil layers (Paudel et al. 2008 ). The high shear strength of these soils explains why the steep slopes on the northeastern rim of Aso caldera are usually stable under normal rainfall during the rainy season.
Soil behavior with the increase in pore-water pressure
The relationships between deviatoric stress, axial strain and pore-water pressure were obtained through the pore-water pressure controlled triaxial test (Fig. 18) . The results show that when the pore-water pressure increased to about 12 kPa, the deviatoric stress started to decrease, while the axial strain increased. With the continuous increase of pore-water pressure, the major failure of the soil occurred when the pore-water pressure increased to near 15 kPa. At this time, high excess porewater pressure was generated in the soil, causing the obvious decrease of effective stress. In a short time, the axial strain increased rapidly, and exceeded 20 %. This soil behavior in response to increase in pore-water pressure can explain the initiation mechanism of the shallow landslides on the slopes. During heavy rainfall, continuous rainfall infiltration can generate a wet front in the soil layer, and in turn forms a saturated zone above the potential sliding surface. The saturated zone will move gradually upwards in relation to the slope surface, and the pore-water pressure acting on the potential sliding surface will increase. Based on the results, it is evident that failure in the soil specimen will not occur, even with high pore-water pressure (less than 12 kPa). It also means that the slope can maintain stability when the rainfall is not so heavy. However, if the pore-water pressure exceeds the critical value as a result of heavy rainfall, a shallow landslide will be triggered. Fig. 18 Relationships between deviatoric stress, axial strain and pore-water pressure for the pore-water pressure controlled triaxial test Fig. 19 Probable initiation mechanism of shallow landslides on the northeastern rim of Aso caldera
